Objective: Recent progress supports the importance of local estrogen secretion in human bone tissues to increase and maintain bone mineral density. In a previous study, we reported that the expression of aromatase (CYP19) is dexamethasone (Dex)-dependent and oncostatin M (OSM) increases the expression synergistically with Dex. In the present study, we examined the effects of forskolin (FSK) as another potential synergistic factor. Results: Co-administration of 100 nM Dex and 10 mM FSK increased aromatase activity 4-fold compared with Dex alone. The results of reverse transcriptase (RT)-PCR suggest that the amount of CYP19 gene transcript was also up-regulated by FSK synergistically with Dex, and that promoter I.4, which is not activated by FSK alone, is activated by FSK synergistically with Dex. The results of RT-PCR also suggest that promoter II, which responds to FSK, was not activated even in the presence of FSK in SV-HFO. The promoter I.4 sequence that was transfected into SV-HFO was activated by FSK synergistically with Dex. Conclusions: Synergistic up-regulation of aromatase activity, CYP19 gene transcript, and promoter I.4 activity were Dex-dependent and not up-regulated by FSK alone. The results of this work may form the basis of bone-specific estrogen-replacement therapy that increases the estrogen concentration in bone tissue only.
Introduction
Recent progress supports the importance of local estrogen secretion in human bone tissue to increase and maintain bone mineral density (1 -4) . Immunohistochemistry and in situ hybridization have revealed that aromatase (CYP19) is expressed in osteoblasts, osteocytes, lining cells, and chondrocytes (5) . Aromatase (CYP19) is the rate-limiting enzyme of estrogen biosynthesis. Aromatase is coded by the CYP19 gene. Male patients with defects in the CYP19 gene and severe osteopenia and loss of epiphyseal closure have been reported (2) . In addition, according to recent reports, there is a correlation between the polymorphism of repeat sequence in the CYP19 gene and bone density in postmenopausal women (6) . These reports suggest the importance of local aromatase activity in the increase and maintenance of bone density, because the main source of estrogen in men and postmenopausal women is aromatase activity in bone tissue.
With respect to the expression of aromatase in human bone cells, there have been reports using primary human osteoblasts and cell lines that were established from human osteoblasts (7, 8) . The aromatase activities and CYP19 gene transcripts in these cells were up-regulated in a glucocorticoid-dependent fashion. Among several tissue-specific promoters in the CYP19 gene ( Fig. 1 ) (9 -11), promoter I.4, which has a glucocorticoid-response element (GRE), is dominantly activated. In addition, oncostatin M (OSM) has been reported to up-regulate aromatase expression in synergy with synthetic glucocorticoid dexamethasone (Dex) in these cells (8) .
Recently, we investigated the expression of aromatase activity and CYP19 gene transcript in the human osteoblastic cell line SV-HFO (12) . The SV-HFO cell line was established from human fetal calvaria, and retains the features of human osteoblasts well (13) . Aromatase activity and gene transcript were detected in SV-HFO (14) . Aromatase activity and CYP19 gene transcript were up-regulated in a Dex-dependent manner. Promoter I.4 is activated in this up-regulation. Dex and OSM also synergize in SV-HFO cells. Aromatase activity in the presence of 100 nM Dex and 5 ng/ml OSM was about 6-fold compared with the activity in the presence of Dex alone. Based upon this, we attempted to identify other synergistic up-regulators for aromatase expression in SV-HFO.
In the present study, we examined if forskolin (FSK) could up-regulate aromatase expression in synergy with Dex in SV-HFO cells. FSK is a well-known up-regulator of the genes of enzymes that are involved in steroid metabolism. FSK alone could not up-regulate aromatase expression in SV-HFO cells (12) . Therefore, in the present study, we examined the effects of Dex and FSK administered in combination.
Materials and methods

Materials
Dex and FSK were obtained from Wako Pure Chemical Industries (Osaka, Japan), RPMI 1640 medium from Sigma (St Louis, MO, USA), RPMI 1640 medium without Phenol Red and penicillin/streptomycin from Invitrogen (Carlsbad, CA, USA), fetal bovine serum from Sanko Junyaku (Tokyo, Japan), and [1b-3 H]androstenedione from Perkin-Elmer Corp. (Boston, MA, USA).
Cells
SV-HFO, a human fetal osteoblastic cell line, was generous gift from Dr Hideki Chiba (Sapporo Medical University, Hokkaido, Japan). The cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum, penicillin, and streptomycin at 37 8C and 5% CO 2 .
Aromatase assay
Cells were seeded into 24-well plates at a density of 2.0 £ 10 5 cells/ml and 500 ml/well. After 2 days of culturing, cells were treated with the RPMI 1640 medium without Phenol Red for 24 h (serum starvation). Then the medium was changed to RPMI 1640 medium containing Dex and FSK and incubated for 24 h. Dex and FSK were dissolved in ethanol and a 0.1% volume of solution was added to the medium. Aromatase activity in the cells was measured according to the methods used in a previous study (15) .
Reverse transcriptase (RT)-PCR
Total RNA of the cells was extracted using ISOGEN (Nippongene, Toyama, Japan). First-strand cDNA was prepared using avian myeloblastosis virus RT (Promega, Madison, WI, USA). The amplification of human CYP19 gene transcript using the primers derived from exon II, exon III, exon I.4, exon PII, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was performed as described previously (15) . Amplification of the gene transcripts of human glucocorticoid receptor (hGR) a was performed using hGR forward primer (5 0 -ACACAGGCTTCAGGTATCTT-3 0 ) and hGRa reverse primer (5 0 -ACTGCTTCTGTTGCCAAG-3 0 ) with the following program: 94 8C for 5 min; 30 cycles of 94 8C for 40 s, 54 8C for 40 s, and 72 8C for 40 s; 72 8C for 5 min. PCR products were visualized by the luminescence of ethidium bromide by ultraviolet rays after electrophoresis in 1.5% agarose gel. The expression levels of the aromatase coding region (primers derived from exons II and III were used) and GRa were calculated by dividing the optical density of the bands for the aromatase coding region or GRa by the optical density of the band for GAPDH.
Promoter I.4 firefly luciferase reporter construct
Promoter I.4 sequences were amplified using Pfu turbo DNA polymerase (Stratagene, La Jolla, CA, USA) and PI.4-S1 (5 0 -CGGGGTACCCTCTGGTCAGATATTTTG-ATCATGC-3 0 ), PI.4-S2 (5 0 -CGGGGTACCTAGGGGTGAG-ACACTTAGGC-3 0 ), PI.4-S3 (5 0 -CGGGGTACCGCTGTAT-GGTCAGCTTGGGG-3 0 ), PI.4-S4 (5 0 -CGGGGTACCCCTG-AAAGAATGTCAGCTCG-3 0 ), and PI.4-AS1 (5 0 -TCCCCC-GGGCCAGTTGGTCACGTTCTACTTGG-3 0 ). Human genome DNA (Promega) was used as the template. After the treatment with KpnI and SmaI, the PCR products were subcloned into pGL3-Basic (Promega).
Transfection and luciferase assay
Cells were seeded at a density of 2.0 £ 10 5 cells/ml and 500 ml/well. After 24 h culturing, firefly luciferase reporter vector and sea-pansy luciferase internal control vector phRL-TK (Promega) were transiently transfected using Fugene6 transfection reagent (Roche, Mannheim, Germany). After 16 h transfection, the cells were serum starved for 4 h and treated with various agents for 4 h. After treatment, the firefly luciferase and sea-pansy luciferase activities were measured using a Dual luciferase reporter assay kit (Promega) and a Sirius luminometer (Berthord, Pforzheim, Germany). Promoter activity was calculated by dividing firefly luciferase reporter activity by sea-pansy luciferase internal control activity. 
Statistical analysis
Statistically significant differences between the experimental groups were determined by one-way ANOVA followed by Fisher's protected least-significant difference multiple comparison (Fisher's PLSD multiple comparison) or Dunett's multiple comparison. Statistical analysis was performed using the software program StatView 5.0 (SAS Institute, Cary, NC, USA) or Prism 4 for Windows (GraphPad Software, San Diego, CA, USA). The point of minimal statistically significant difference was set at P # 0.05.
Results
FSK and Dex synergistically up-regulate aromatase activity in SV-HFO cells
We examined the effects of FSK on aromatase activity in SV-HFO cells. As shown in Fig 
Expression of CYP19 gene transcript
In a previous study, we showed that the up-regulation of aromatase activity in SV-HFO cells in the presence of Dex and OSM was the result of up-regulation of CYP19 gene transcript (12) . Based upon this observation, we attempted to determine if the amount of CYP19 gene transcript changed in the presence of FSK. As shown in Fig. 3 , the amount of CYP19 gene transcript increased in the presence of 100 nM Dex.
The addition of 10 mM FSK further increased the amount of CYP19 gene transcript. The amount of CYP19 gene transcript did not change in the presence of FSK alone. Then we examined which form of exon I is selected in the presence of Dex and FSK. Previously, we showed that exon I.4, not exon PII, is selected in SV-HFO cells (12) . However, promoter II, which can be activated by FSK, may be activated and a gene transcript containing exon PII could therefore be produced. In Fig. 4 , it seems that only exon I.4-containing gene transcript appears, even in the presence of FSK. This result suggests that the exon I selected in the presence of Dex and FSK is exon I.4. These results also suggest that promoter I.4, which abuts the 5 0 end of exon I.4, is activated. FSK alone did not induce CYP19 gene expression ( Figs. 3 and 4) . Therefore, the response to FSK at the stage of gene expression also depends upon Dex.
Synergism of Dex and FSK upon promoter I.4
Based upon the RT-PCR data, we determined if promoter I.4 could be up-regulated by the combination of Dex and FSK in SV-HFO cells by the tranfection of firefly 
Synergistic effect of Dex and FSK on various lengths of promoter I.4
To estimate the important sequence for the synergism of Dex and FSK upon promoter I.4, we transfected reporter vectors that harbor various 5 0 -deleted promoter I.4 sequences and determined the promoter activities in the presence of Dex alone or Dex þ FSK. As shown in Fig. 7 , promoter activity declined as the 5 0 sequence was deleted. This decline of promoter activity would be caused by the deletion of the sequences that are not critical but important for the activity of promoter I.4 (for example, activator protein-1 (AP1) and interferon-g-activated site (GAS)). The sequences 2 683/þ 14 and 2 458/þ 14, which contain a GRE, responded to Dex, and the addition of FSK further increased the promoter activity. Sequence 2 304/þ 14, which has no GRE, was not significantly activated by Dex or Dex þ FSK. These results suggest that GRE is important for the synergism of FSK with Dex. FSK alone could not activate any length of promoter I.4.
Expression of GRs is not affected by FSK
One possible mechanism for the increase in aromatase expression in the presence of Dex and FSK is an increase in GR expression in response to FSK. We examined the amount of GR gene transcript in the presence and absence of FSK using RT-PCR. As shown in Figure 4 Expression of CYP19 gene transcripts in SV-HFO cells. After 24 h serum starvation, SV-HFO cells were treated with media that included Dex and FSK, as indicated, for 24 h. After the extraction of total RNA, RT-PCR was performed. RT þ and RT 2 indicate cDNA preparation with or without RT, respectively. GAPDH gene transcript was used as an internal control. Total RNA from the human adrenocortical carcinoma cell line H295R treated with FSK was used as a positive control for exon II-III (CYP19 gene coding region) and exon PII-containing gene transcripts.
Figure 5
Firefly luciferase reporter vectors harboring promoter I.4 sequences. Several lengths of promoter I.4 sequence were placed upstream of firefly luciferase gene of pGL3-Basic (Basic). Positions of well-known transcription factor-binding sites, activator protein-1 (AP1), interferon-g-activated site (GAS), and GRE, are indicated. þ 1 denotes the transcription start site. Numbers indicate positions (in bp) relative to the transcription start site. Fig. 8 , the expression level of GR did not increase significantly in the presence of Dex and FSK. This result would suggest that the increase of GR expression is not the mechanism of synergism of Dex and FSK.
Discussion
Recent progress suggests the importance of local estrogen secretion in human bone tissue to increase and maintain bone mineral density. The amount of estrogen secreted in human bone tissue would not always be constant. For example, the amount of estrogen secreted in bone tissue could increase during periods in which a rapid increase in bone mineral density is required, such as new bone formation or fracture healing. Cytokines or low-molecular-mass factors would control the amount of estrogen secreted by controlling the expression level of aromatase in bone tissue.
In the present study, we found that FSK increases aromatase activity in SV-HFO cells in synergy with Dex. The results of RT-PCR suggest that this increase in aromatase activity is caused by an increase in CYP19 gene transcript (Fig. 3) . The RT-PCR results also suggest that promoter I. 4 , which has been thought until now not to be activated by FSK, is activated by FSK in the presence of Dex, whereas promoter II, which is activated by the signaling pathway that involves cAMP, is not activated even in the presence of FSK in SV-HFO cells. In agreement with the RT-PCR results, promoter I.4 that was transfected into SV-HFO cells was synergistically activated by Dex and FSK (Fig. 6) .
One of the possible mechanisms of the synergism of Dex and FSK is the up-regulation of GR expression in response to FSK. An increased amount of GR may increase the activity of promoter I.4. Because the pro- moter of human GR gene has a cAMP-response element (CRE) (16) , CRE-binding protein (CREB), which can be activated by FSK via an increase in intracellular cAMP level and activation of protein kinase A, may up-regulate GR gene expression. Based on the results of RT-PCR ( Fig. 8 ), we concluded that the GR gene expression level does not change in the presence of Dex and FSK in SV-HFO cells. Therefore, an interaction between GR and another transcription factor that responds to cAMP is the most likely mechanism of this synergism. Among the cAMP-responsive transcription factors, it was found that at least CREB is expressed in SV-HFO cells (results not shown).
Aromatase activity, the amount of CYP19 gene transcript, and the activity of promoter I.4 respond to FSK (increase the intracellular cAMP level) in the presence of Dex. There have been reports about the synergism of glucocorticoids and the cAMP signal pathway (17, 18) ; however, to the best of our knowledge the present study is the first to observe a glucocorticoid-dependent synergism of these signal pathways because FSK alone has no effect upon aromatase expression. Furthermore, this study is the first to describe the activation of promoter I.4 by FSK. In the future we intend to investigate the mechanism of this synergism further.
A factor that significantly increases aromatase activity in osteoblasts, as did the combination of Dex and FSK in this study, would be beneficial, especially for the treatment of osteopenia and osteoporosis. Estrogen-replacement therapy (ERT) has been used to treat osteopenia and osteoporosis in postmenopausal women. However, ERT has various risks -for example uterine body cancer, thrombosis, and breast cancerbecause ERT increases estrogen levels throughout the entire body. On the other hand, a drug that increases the expression of aromatase only in osteoblasts would increase the estrogen concentration only in bone tissue and would thus most likely not affect other tissues. The present study should form the basis for the development of such a tissue-specific ERT.
